Abstract Field trials were established at four vineyards in January 1999 to evaluate the effects of four mulch mixtures on different soil and plant parameters. Mulches were made from wine industry and other commercially available plant and animal wastes. Soil, grape petioles, grape leaves and grape juice were analysed over three seasons. The mulches applied released considerable quantities of nutrients, which were available for use by the grapevines. Generally, the type of mulch used had little impact on the parameters that were measured and the greatest differences occurred between non-mulched and mulch treatments. Soil pH showed an increase at three of the four sites after application of mulch. Soil phosphorus increased moderately at one site and substantially at the other three sites in the first year and soil potassium levels increased dramatically at all sites in the first year. After the application of mulches in 1999 the petiole nitrate levels increased dramatically at all sites, however there were no differences in the second year. In the third year petiole nitrate levels were again high indicating that the differences between years was probably largely attributable to differences in rainfall received among the three seasons. Petiole potassium levels also increased after the application of mulch, however the increase was nowhere near as large as the increase in soil potassium. The use of mulch increased leaf nitrogen and potassium levels but not phosphorus levels. The use of mulch did increase juice potassium, however there was greater seasonal and site variation than variation due to the effect of mulch.
Introduction
With large areas of grapes being planted in Marlborough, New Zealand, sustainable management practices need to be introduced to alleviate the results of monocultural production over long periods of time. It was identified that one way to improve the sustainability of wine grape production was to incorporate vineyard and winery waste into mulches for use in vineyards, rather than dumping it off-site. From the Marlborough community perspective a number of other waste products were identified that could potentially be utilised in mulches. These included green waste from the municipal authority, bark from pine forestry operations, animal manure from stockyards and shells from greenlipped mussel processing. The incorporation of various sources of waste into mulches minimises the amount of these wastes being dumped in landfills or stockpiled out of sight, as has often been the case.
A replicated trial was established in 1999 to evaluate the overall impact of mulches on a number of viticultural practices. The key benefits from using mulches identified in this trial included increased soil moisture retention enabling a reduction in irrigation, nutrient release enabling a reduction in fertiliser application, weed suppression enabling a reduction in herbicide usage, and increases in yeast available nitrogen in grape juice. Other positive effects measured were soil organic matter increases, soil temperature buffering and increases in soil fungi population. Mulching did not increase frost risk, or increase disease risk. No significant and consistent changes were detected in pruning weights, juice brix, yield, induced resistance, and worm populations as a result of using mulch. (Agnew et al., 2002 (Agnew et al., , 2003 Agnew, 2001, 2002a,b,c) .
In this paper we present information from a three-year study evaluating the effects of mulch application under grapevines on soil and plant nutrients.
Methods
Field trials were established at four commercially managed Marlborough vineyards in January 1999 using grafted sauvignon blanc vines that were at least five years old. Apart from the mulch treatments, the trial areas received the same vineyard management practices as applied to the rest of the vineyard. However no fertiliser was applied to any treatment during the trial. The trial was undertaken at four sites to evaluate the influence mulch would have within a site under the differing vineyard conditions. It was not the intention of these trials to make direct comparisons between the four vineyard sites as each site had different soil types. Texture of the soil at the four sites was described as: site 1 -silty clay, site 2 -silty clay loam to sandy clay loam, sites 3 and 4 -sandy clay loam. Sites 1 and 2 were deeper soils. Sites 3 and 4 were dominated by large stones both on the surface and throughout the soil profile. At each site four mulch treatments were applied in February 1999. Results were compared to a control treatment consisting of bare soil with no mulch. Each treatment was replicated six times, giving a total of 30 plots at each trial site arranged in a randomised block design. Trial plots at different sites ranged from 5.5 to 7.5 m in length and contained three or four grapevines, depending on the site.
The four mulches were comprised of between three and six components (Table 1) . Mulch 1 comprised three basic components: finely chopped vineyard prunings, grape marc from the winery (skins and stalks), and green municipal waste collected in the municipal area. Mulches 2-4 were comprised of the basic three components as in mulch 1 plus up to three additional components. Mulch 2 comprised mulch 1 plus pine bark, a waste product from the forestry industry. Mulch 3 comprised mulch 2 plus animal manure that had been stockpiled on an old landfill site. Mulch 4 comprised mulch 3 plus mussel shells, a by-product of the green-lipped mussel industry in the Marlborough Sounds. The nutrient status of the mulches used in the trials was measured in February 1999 ( Table 2 ). The analysis conducted was for miscellaneous compost and total nutrients were reported on a dry matter basis (RJ Hill Laboratories Ltd, 2003 , 2004 . The mulch treatments were applied at a thickness of 15 cm, in a 75 cm wide strip under the vines with no replenishment.
A soil sample (to a depth of 15 cm) was collected from each plot in February 1999 prior to the application of the mulch. Further samples were collected in November 2000 and November 2001. The pH, phosphorus, potassium, calcium, magnesium, sodium, organic matter, cation exchange capacity, base saturation and volume weight of the soil samples was analysed (Kay and Hill, 1998) . The overall changes in soil nutrient status for the duration of the trial were calculated by taking into account the differences that were measured for the mulched plots from 1999 to 2001, and subtracting the differences measured for the bare soil control for the same period. Grape petioles were collected at 80% flowering in December 1999, 2000 and 2001 and analysed for nitrogen, phosphorus, potassium, sulphur, calcium, magnesium, sodium, iron, manganese, zinc, copper, boron and nitrate nitrogen. Leaf samples were collected in February 1999 February , 2000 February , 2001 February and 2002 and analysed for the same nutrients as the petioles, excluding nitrate nitrogen. Leaf samples collected in February 1999 were prior to the application of mulch. In order to save on costs the individual replicate leaf samples were bulked together and analysed for each treatment. For this reason no statistical data is available for the leaf analyses.
To evaluate the effect of mulches on juice, 100 berry samples were collected from each of the trial plots at harvest in April 2000 April , 2001 April and 2002 and frozen prior to juice analysis. Juice samples from replicates of the same mulch treatment were combined and tested for ammonium, potassium, calcium, magnesium and manganese levels.
Results and discussion
There were only minor differences in the nutrient levels of the four mulch treatments (Table 2) . Mulch 4 had much higher calcium content than mulches 1-3, owing to the addition of mussel shells. For all the soil and plant analyses conducted only small differences in nutrients were measured between the four mulch treatments. The major differences that occurred were between the no mulch control treatment and the mulch treatments. This was not unexpected as the four mulch treatments had the same three basic ingredients making up at least 65% of their volume (Table 1 ) and very similar nutrient status ( Table 2 ). The nutrient values reported in Table 2 are the total nutrients in a known weight of oven dry sample, not the plant available nutrients. The nutrients become available to the plants over time. The rate at which this occurs is dependent on their solubility and the level of microbial action in the mulch and soil. As a result of the similarity in nutrient status between the four mulches and small treatment differences that emerged, the data for the mulches was combined and is presented as averages.
Data published by Wilkinson and Biala (2001) for a typical green waste compost, and by Agnew et al. (2002) for commercial marc plus prunings compost and rotted bark mulch had much higher C/N ratios (ranging from 35-91) than those used in this study. Some literature suggests that a C/N ratio higher than 25 leads to the immobilisation of mineral nitrogen (Deurer et al., 2000) . However, if the compost is placed on the soil surface as mulch and not incorporated into the soil, then the risk of immobilisation of mineral nitrogen due to high C/N ratio will be minimised. The effect of mulch on soil nutrient levels
Due to the size of the data set it was not possible to present the soil nutrient data from individual years and sites. The net changes in soil nutrient status over the duration of the trial have been calculated and are presented in Table 3 .
To calculate the net changes in soil nutrient status the difference between the no mulch control plots from 1999 to 2001 was calculated, and subtracted from the difference in the mulch plots from 1999 to 2001 (Table 3 ); e.g. overall pH change site 1=(pH mulch 2001 -pH pre mulch 1999) -(pH no mulch 2001 -pH no mulch 1999).
Over the duration of the trial there was a trend towards an increase in soil pH due to the addition of mulch at sites 2, 3 and 4 (Table 3 ). However the increase in soil pH on the mulched plots was significantly different to the bare control plots only at site 3.
There was a moderate increase in soil phosphorus at site 1 due to mulch and a substantial increase at sites 2, 3 and 4 between the time of the first and second soil tests. However, by the time of the third soil test in 2001, the phosphorus levels had dropped back from the levels in the second year, while still remaining significantly higher than on the bare soil control plots (Table 3 and Figure 1 ). Phosphorus is known to be relatively immobile in the soil (Coombe and Dry, 1988) . It would appear that a large amount of the phosphorus in the mulch moved into the soil in the first year and remained in the top 15 cm of the soil profile.
Soil potassium levels increased by up to 400 percent due to the addition of mulch by the time of the second soil test in November 2000 (Figure 2 ). However, as was the case for phosphorus, the potassium levels dropped slightly in the third year, though still remaining significantly higher than in the unmulched treatment (Table 3 and Figure 2 ). Grape marc is known to be high in potassium (Mundy and Agnew, 2002a ) and when applied as part of a mulch, much of this potassium is able to pass into the soil solution. For this reason it is inadvisable to apply raw grape marc by itself as a mulch. Changes in soil calcium varied according to site, however at none of the four sites was the change in calcium due to the addition of mulch statistically significant. Soil magnesium increased significantly at site 4 due to mulch. Soil sodium levels increased significantly at sites 1, 3 and 4.
Soil organic matter showed a significant increase at site 4 over the trial period but not at the other three trial sites. This difference cannot be explained. However the significant reduction in volume weight of soil at site 4 is likely to be related to the increase in organic matter. The significant increase in cation exchange capacity at site 4, probably due to the increase in organic matter, indicates that this soil had a greater capacity to hold cations, in particular potassium, calcium, magnesium and sodium as a result of the application of mulch (Kay and Hill, 1998) . The base saturation of the soil is a measure of the proportion of the soil's capacity for cations that is actually occupied by these nutrients. The base saturation at sites 2, 3 and 4 increased significantly with mulch application. The base saturation at site 4 started at much lower levels than the other three sites.
Variation was observed over time in the availability of nutrients due to seasonal weather conditions, soil moisture content and the rate of release of nutrients from the mulch. Marlborough suffered a severe drought between November 2000 and October 2001 and this would have resulted in a smaller amount of nutrients being released from the mulch.
The effect of mulch on petiole nutrient levels
The petiole nutrients to show the most marked changes after the addition of mulch were nitrate nitrogen and potassium (Table 4) . Petiole nitrate levels were significantly higher at all sites in December 1999 after the application of mulch. At the time of the second petiole sample in December 2000 petiole nitrate levels were very low and there was no significant difference between mulch treatments and the unmulched control. In 2001 the petiole nitrate levels were again high. At two properties in 2001 (site 1 and site 4) the petiole nitrate levels were also very high in the unmulched control plots. A possible explanation could be that there may have been lateral movement of nitrate between adjoining mulched and unmulched plots. The nitrate results over the three years suggest that the marked differences in petiole nitrate between years were largely attributable to climatic differences among the three seasons. In 1999 and 2001 there was a lot of rain and high soil moisture prior to the petiole samples being taken, hence the plant uptake of nitrate was high, whereas there was little rain and low soil moisture prior to sampling in 2000. At three of the sites (sites 1, 2 and 4) in 2001, the petiole nitrate was well above the recommended levels of 570 to 1,750 mg/g (RJ Hill Laboratories Ltd, 1998). The use of mulch significantly increased the petiole potassium levels at sites 1 and 3 in all three years (Table 4) . At sites 2 and 4 the petiole potassium increased with the addition of mulch however the increase was not always significant. The increase in petiole potassium was between 110% and 170% over all sites and years. However the increase in petiole potassium was nowhere near as large as the relative increase in soil potassium.
Petiole nutrients gave an indication of plant uptake from the soil at one point of time in the season. Annual differences in petiole nitrate levels seemed to relate directly to the amount of rainfall in the six weeks prior to sampling. This indicates that petiole samples from one year should never be taken in isolation and used as a basis for fertiliser recommendations. Trends over time need to be observed (Goldspink and Howes, 2001 ).
The effect of mulch on leaf nutrient levels Four leaf analyses were conducted spanning three seasons (1999, 2000, 2001 and 2002) ; see Table 5 . The spring of 1999 (Sept-Nov) was very wet encouraging a large release of , two years after the mulch was applied, nitrogen and phosphorus levels were lower at all four sites compared to 2000. In some cases, the levels were lower than they were initially without mulch. The drought during the 2000/2001 season limited mulch degradation and plant nutrient uptake was limited due to much lower soil moisture levels.
The effect of mulch on juice potassium levels
Grape skins are known to have high levels of potassium (Jackson, 1994) . At the start of the project some winemakers and growers were concerned about the potential effect of mulch containing grape marc on the subsequent wine potassium levels. High levels of potassium in grape juice can be a problem in winemaking, as excess potassium neutralises tartaric acids, producing a high pH wine. Low levels of potassium may result in excessive acidity. The general guidelines for good quality fruit under New Zealand conditions suggest that a juice potassium value of 900-1,300 ppm is desirable (J. Turner, RJ Hill Laboratories, unpubl. data). During the three years of the trial, vines with mulch had higher potassium content in juice than those without mulch, for individual trial sites (Table 6 ). At site 1 during 2000 the juice from vines with no mulch averaged 1,768 ppm potassium and juice from mulched vines averaged 2,085 ppm, equivalent to an increase of 17.9% and both higher than guideline levels. At any one site, the increase in juice potassium within a season due to mulch was much less than the between season variation due to other factors such as climate and crop load. For example, at site 1, for the no mulch treatment, a 36% reduction in the juice potassium level occurred and for the mulch treatment the reduction was 42% between the 2000 and 2001 seasons (Table 6 ). Soil test results (Figure 2) showed that the use of mulch increased the amount of potassium present in the soil by up to 400%. Juice potassium increased slightly, however the increase was small in comparison to the increase in soil potassium.
Conclusions
This research demonstrated that organic waste products from the Marlborough region could be made into mulch that could be utilised by the viticulture industry. One of the main benefits of the mulch was as an organic supply of nutrients, specifically nitrate nitrogen, phosphorus and potassium. Initially large quantities of these nutrients were released from the mulch into the top part of the soil profile in the year following application. The amount of nitrate nitrogen taken up by the grapevines and measured in the leaf petioles was largely dependent on the amount of rainfall in the six-week period prior to sampling. In wet years the level of nitrate measured in the petioles was high whereas in dry years it was low. The application of mulch caused potassium levels in the top 15 cm of the soil profile to exceed the recommended range. However it appeared that the grapevines were able to regulate the amount of potassium uptake as the levels measured in the plant were much more moderate than in the soil, but higher than recommended. As a consequence of publicity surrounding this study, a number of vineyards have started to apply mulch on their own properties. The two predominant mulches that are being used commercially are either composted grape marc and grape prunings or alternatively aged pine bark. The mulches used in the trials were higher in nutrients than the typical green waste compost reported by Wilkinson and Biala (2001) . The mulches were also considerably higher in nutrients than the two types of mulch that are now being used by the grape industry in Marlborough. In hindsight the quantities of mulch applied in the Marlborough trials were well in excess of those that could be practically used in a normal vineyard situation. Commercial mulches applied in lower quantities and with lower nutrient levels are unlikely to give rise to such high levels of nitrogen, phosphorus and potassium. However even in the trial situation with high rates of mulch containing relatively high nutrient content we did not detect any problems in the plants. On the contrary, a number of potential benefits were detected, as outlined in the booklet Mulch for Sustainable Production (Agnew et al., 2002) .
